Coliphage Ti of Demerec and Fano (1945) has been found to be closely related serologically to dysentery phage D20 of Burnet (1933) . A comparative study of the properties of these two phage strains has been made in order that the distinctive characteristics of the T1,D20 species may be better defined. It is unfortunate that of a large number of enteric phages studied, these two were the only strains found to be in this serological group. Burnet had found only one other phage, strain G, to be serologically related to D20, and strain G is no longer available. This paper is one of a series devoted to the development of a systematic classification of the bacteriophages (Adams, 1953) . It is hoped that such studies will indicate those taxonomic criteria which are of greatest value in phage classification.
MATERIALS AND METHODS
Phage strains Ti and D20 are well known, and their properties have been reported in numerous publications to which reference will be made. Phage T1 has also been known as phage alpha and phage P28. Conditions affecting the adsorption rate of phage Ti to its host cell have been investigated by Puck, Garen, and Cline (1951) . Various studies on the physical properties of phage Ti have been collected and discussed by Pollard (1953) . Most of the technical details of methods used in the present paper have been described in a review (Adams, 1950) . EXPERIMENTAL 
RESULTS
Serological relationships. A valuable screening procedure in phage classification is the testing of unknown phages for susceptibility to neutralization by various known antiphage sera. Neutralization of one phage by the antiserum to another suggests a close phylogenetic relationship. However, this must be checked by numerous other tests because of the possibility that the observed neutralization might be due to contamination of an antiserum with unsuspected antibodies against other phages. In contrast, the absence of cross neutralization does not rule out close relationship (Adams and Wade, 1954) .
One of the peculiarities of phage Ti is that its neutralization by Ti antiserum does not generally follow first order kinetics (Delbriick, 1945) as does the neutralization of most other phages by their antisera. However, an exceptional antiserum studied by Hershey (personal communication) did give first order kinetics for neutralization of phage Ti. Most anti-Ti sera are of rather low titer, it being seldom that such sera can be used at dilutions above 1 :100.
According to Burnet, Keogh, and Lush (1937) phage D20 was a relatively poor antigen, but no neutralization data for this phage were published. The first anti-D20 serum that we prepared was something of a surprise. This serum gave first order neutralization kinetics through 99 pe cent inactivation at a serum dilution of 1/1,000. Because of this unexpected result, two more rabbits were immunized with phage D20. The sera of these rabbits gave a close approximation to first order kinetics for neutralization of about 90 per cent of the phage stock, after which the neutralization rate slowed markedly. One of these sera was quite potent with a neutralization rate constant of 1,600 min-. These and other results indicate that closely related phages are similar in the shape of neutralization curves usually obtained and in the neutralization titers of typical antisera. However, sera from exceptional rabbits may differ in neutralization kinetics from those usually observed. Similar exceptional sera have been reported for phage T5 by Fodor and Adams (1955) .
Various anti-Tl sera gave strong cross neutralization reactions with phage D20, and two out of three anti-D20 sera neutralized phage Ti thus demonstrating a serological relationship between 253 MARK H. ADAMS AND EVELYN WADE Bacterial strain B/D20 is a mutant of strain B isolated by plating the latter with an excess of D20 phage and subculturing a surviving colony.
It is a suitable indicator for phage Ti in the presence of D20. Neither Ti nor D20 was able to attack any of a considerable number of salmonella strains, and no hosts for Ti were found among the shigella strains tested. The efficiency of plating (EOP) of phages Ti and D20 on several indicator strains of bacteria is recorded in table 3. The EOP of D20 on strain B and on a number of mutants of strain B was only about 0.1 as compared with plaque counts on Shigella paradysenteriae. The EOP was the same whether the D20 phage stock had been grown on strain B or on the shigella host, indicating that the EOP is not a phenotypic property under host control. Attempts to find mutants of D20 with increased EOP, or environmental conditions which would increase the EOP of phage D20 on strain B, have not been successful. We have been unable to find host range mutants of D20 capable of plating on B/D20, or mutants of Ti able to plate on B/1,5, S. paradysenteriae, or Shigella sonnei. Host range mutants of Ti plating on B/1 tryptophan are well known.
The low efficiency of plating of phage D20 on strain B is due to a very slow rate of adsorption. It was impossible to measure the rate of phage adsorption even with bacterial concentrations of 109/ml and adsorption periods as long as 2 hours at 15 C. For this reason it was not possible to do one step growth experiments with phage D20 on
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on October 18, 2017 by guest http://jb.asm.org/ Downloaded from strain B, or to prepare phage stocks of D20 using strain B as host in broth. Starting with 107B/ml and 109D20/ml of broth culture at 37 C, the bacteria grew as if the phage were not present, mass lysis never occurred, and the phage titer remained constant. Changing the salt concentration in broth did not improve the situation. Stocks of phage D20 on B as host could, however, be prepared by the agar layer method (Swanstrom and Adams, 1951) . Plaques of D20 on strain B were variable in size with a preponderance of very tiny plaques as might be expected of phage particles which adsorb very slowly. Size and morphology. The size of phage D20 was determined by Elford and Andrewes (1932) by ultrafiltration through gradacol membranes. They found the filtration end point at a pore diameter of 60 m, from which they calculated a particle diameter of 20-30 m,u. On the basis of various studies, Lea (1946) decided that the conversion factors used by Elford were too small. Using Lea's revised factor (0.83), the size deduced from the filtration data would be 50 m,u. Phage Ti has been pictured repeatedly in electron micrographs, perhaps the best pictures being found in Williams and Fraser (1953) . These authors found for air dried preparations: head, 65 m,, tail, 150 by 10 mMi; for frozen dried preparations: head, 50 m,u, tail, 150 by 10 mu. Through the kind cooperation of Dr. David Slautterback we have obtained electron micrographs of air dried preparations of phage D20. The phage particles have a spherical head about 65 m,u in diameter and a tail 150 by 10 m,. The pictures of D20 particles were indistinguishable from those of air dried preparations of phage Ti. The target size of phage Ti for ionizing radiations has been determined by several authors. For X-rays it was found to be 38 m,u in diameter by Luria and Exner (1941) and by Watson (1950) . For deuterons the target size was found to be 28 m,u by Pollard and Forro (1949) . The target size for ionizing radiations is considerably smaller than the true size of the phage head, as is generally true for phages above 50 m,u in diameter. On the basis of quantitative studies of the effects of ionizing radiations on the properties of phage Ti, Pollard (1953) has drawn a rather detailed picture of the structure of this phage. All that one can say for this diagram is that evidence to prove it wrong is not available.
Both phages Ti and D20 produce large plaques, 10 mm in diameter, when plated by the agar layer method on appropriate host bacteria. Photographs of Ti plaques have been published by Demerec and Fano (1945) and of D20 plaques by Burnet (1933) . As noted previously, the plaques of D20 phage on strain B are rather small and uneven in size due to the very slow rate of adsorption on this host.
Susceptibility to inactivation. Similarities in the susceptibility of various phage strains to inactivation were shown to be correlated with serological relationship by Burnet (1933) , who suggested the use of sensitivity to inactivation as a taxonomic criterion.
(a) Sensitivity to ultraviolet inactivation. Phages were subjected to irradiation with ultraviolet of 2537 A in a phosphate buffer using phage T2 as a biological calibration of irradiation dosage. A plot of the logarithm of the survivors as a function of the dosage has an initial upward concavity for phage Ti as noted by Dulbecco (1950) and for D20 also. The curve becomes linear after inactivation of about 50 per cent of the phage population, permitting use of the first order velocity constant to characterize the inactivation rate. The inactivation curve for D20 is similar to that for T1, the rate for T1 being 0.12 and for D20 being 0.14 of that for T2 under the same conditions.
(b) Sensitivity to heat. Heat stability was determined by diluting the phage in nutrient broth containing 10-3 M CaCl2 at 70 C and removing samples at intervals for assay. Inactivation obeyed the kinetics of a first order reaction, the velocity constants being 1.3 min-' for Ti and 1.8 min-1 for D20.
(c) Photodynamic action of methylene blue. This is one of the taxonomic criteria originally proposed by Burnet (1933) . The conditions for inactivation are described in detail by W7elsh and . After a slight initial lag the inactivation kinetics were first order. The velocity constants were 0.75 min-' for Ti and 1.05 min-' for D20, and under the same conditions 0.12 for T2 as a standard. These experiments were carried out by James N. Welsh.
Latent period. The latent period of intracellular virus multiplication may be defined as the minimum period between adsorption of a phage particle to the host cell and the lysis of the host cell with liberation of phage progeny as determined in the one step growth experiment. The latent period under defined environmental conditions is a remarkably constant characteristic of MARK H. ADAMS A a phage strain. The latent period for phage Ti in nutrient broth at 37 C using strain B as host is 13 min (Delbruck and Luria, 1942) . Because of its slow adsorption it was not possible to determine the latent period of phage D20 on strain B; however, its latent period on S. paradysenteriae was easily shown to be about 20 min. The latent period may also be determined by following the lysis of a broth culture of the bacteria by turbidimetric methods after infection with an excess of phage. Under these conditions lysis began after the same latent periods as observed in the one step growth experiment, indicating that the phenomenon of lysis inhibition (Doermann, 1948) does not occur with phages TI and D20.
Citrate sensitivity. The inhibition of plaque development by citrate added to the plating agar was one of the physiological properties proposed by Burnet (1933) as a taxonomic criterion. When phage growth is inhibited by citrate, it is usually due to a nutritional requirement for calcium ion. Burnet reported that plaque formation by D20 phage was not inhibited by 1.5 per cent citrate, whereas certain other phages were inhibited completely by as little as 0.5 per cent citrate. We reported in a previous publication (Adams, 1949) that 1 per cent citrate in a broth medium prevented lysis of host bacteria by phage Ti. The presence of 1 per cent citrate in the plating agar did not prevent plaque development but did reduce the efficiency of plating. The reason for the decreased efficiency of plating and the failure of lysis in citrate broth is not completely clear although it may well be due to the abortive infection that occurs with phage Ti when divalent cations are lacking (Puck, 1949; Ruegamer, 1954) . These results are entirely consistent with the hypothesis of Puck that absence of divalent cations results in a "sensitized" phage particle which is inactivated on adsorption to the host cell. A slow adsorption rate gives a longer period of time during which the divalent cations can dissociate from the phage particle. These experiments indicate that calcium ion is not a specific requirement for the multiplication of these phages as it is for T5 and many other phages. Multiplicity reactivation. The reactivation of ultraviolet inactivated phage particles as a result of multiple infection of bacteria was demonstrated by Luria (1947) for phages T2, T4, T6, and T5. In a footnote in a later paper (Luria and Dulbecco, 1949) it was stated that some reactivation by multiple infection takes place with phage Ti but with a much lower frequency than with the T-even phages and T5. Bresch (1950) stated that he had been able to detect a weak multiplicity reactivation with phage Ti although the only experiment presented failed to show evidence of multiplicity reactivation. We therefore attempted to demonstrate the phenomenon of multiplicity reactivation with phages Ti and D20, under conditions in which it is readily demonstrable with T2.
A stock of phage Ti assaying 2 X 1010/ml was irradiated with ultraviolet light until the titer decreased to 5 X 106/ml. A culture of strain B in nutrient broth was grown to a titer of 1.3 x 108/ml. To 0.9 ml of the bacterial culture was added 0.1 ml of irradiated phage, adsorption was continued for 5 min at 37 C, and the mixture was then assayed for plaque forming particles. The tube contained 2 X 109 total phage particles and 1.2 X 101 bacteria per ml, an input ratio of 17 P/B. The input ratio of active phage to bacteria A similar experiment carried out with irradiated phage D20 and S. paradysenteriae as host also showed no evidence for multiplicity reactivation. In this experiment the input ratio was 20 phage particles per bacterium, and control experiments with unirradiated phage indicated better than 90 per cent adsorption under these conditions. We cannot conclude from these experiments that multiplicity reactivation does not occur with these phages because we have not carried out an exhaustive study of conditions affecting the phenomenon. We were unable, however, to demonstrate multiplicity reactivation with phages Ti and D20 under conditions in which this phenomenon is very readily demonstrated with phages related to T2 and T5. This is a very marked difference in behavior which we believe to be of taxonomic significance.
Mixed infection. The results of mixed infection have been proposed as a taxonomic criterion for estimating the degree of relationship between two phage strains (Adams, 1953) , genetic recombination being evidence of relationship within the species category. That genetic recombination occurs among mutants of phage Ti has been abundantly demonstrated by Bresch (1953) .
It would seem likely that genetic recombination between Ti and D20 could be demonstrated if a suitable common host could be found for mixed infection experiments, but this technical difficulty has not been surmounted as yet.
DISCUSSION
The experiments described in this paper have demonstrated that phages Ti and D20 are (1) serologically related, (2) morphologically indistinguishable, and (3) quantitatively similar in physiological properties. These results justify the conclusion that these two phages are closely related phylogenetically and should be classified as two strains in the same species of bacteriophage. In spite of the close similarity in most properties, these two strains may be readily distinguished by differences in host range and serological specificity.
The properties of the T1,D20 species of bacteriophage are summarized in table 5, which in- (Williams and Fraser, 1953) . it might be the result of a slow evolutionary change. The similarities betwveen the T1,D20 and the T3,D44 species suggest the possibility that these two species might be closely enough related to be included in the same genus. However, suitable data must be accumulated on a great many other phage strains before definite suggestions can be made with respect to criteria for taxonomic categories above the species level.
SUMMARY
The properties of phage strains Ti and D20 have been compared. It is suggested that these two phages should be classified as two strains within the same species. A comparison of the properties of four species of enteric phage indicates that the T ,ID20 species is much more closely related to the T3,D44 species than these two species are to the other species studied.
